with separate ASD phenotypes (i.e., autism, Asperger syndrome, and PDD-NOS) (18) . Birth defects are due to a perturbation in normal development early in pregnancy. If there were a true association between ASD and birth defects, this would suggest that early prenatal events are important precursors of ASD. Our aim in this population-based, nested case-control study was to investigate the association between birth defects and ASD for 3 separate ASD phenotypes, comparing controls with case siblings.
MATERIALS AND METHODS

Case and control selection
Cases were all children born in Western Australia between 1980 and 1995 who were diagnosed with an ASD (autism, Asperger syndrome, or PDD-NOS) by the end of 1999. There were 4 cases with a younger sibling who also had an ASD included in the case group. This sample was the focus of a prior study on obstetric complications (6) . Cases were originally diagnosed according to the criteria specified in the Diagnostic and Statistical Manual of Mental Disorders (DSM) classification system applicable at the time of diagnosis (Third Edition (DSM-III) (22) , Third Edition, Revised (DSM-III-R) (23) , or Fourth Edition (DSM-IV) (1)), but children diagnosed according to either the DSM-III or the DSM-III-R were later reclassified according to their clinical presentation using equivalent diagnoses described in the DSM-IV. Cases were ascertained from all diagnostic centers responsible for diagnosis of ASD in Western Australia during this period. In 1991 in Western Australia, when fewer than 20 new cases of autism were being diagnosed per year, a Central Diagnostic Panel was established which encouraged uniformity across diagnostic decisions, service eligibility, reporting requirements, and assessor training (24) . In 1997, when new diagnoses were approaching 150 cases per year, ASD assessment requirements for service eligibility were formalized, and statewide guidelines emphasized the requirement of assessments from a multidisciplinary team consisting of a pediatrician or psychiatrist, a psychologist, and a speech pathologist (24) . Such requirements have resulted in relative consistency across assessments in the region over time, including the present sample.
Information was extracted from the Western Australian Maternal and Child Health Research Data Base, which is a register of statutory information that has collected data from the Western Australian Midwives' Notification System, birth notifications, and death registrations for all of Western Australia since 1980 (25) . Two control groups were selected from the Western Australian Maternal and Child Health Research Data Base: all known unaffected siblings of cases and a randomly selected population control group of 3 controls per case, frequency-matched by sex to the case group. In total, there were 465 cases, 481 siblings of cases, and 1,313 population controls. Births occurring in 1996 and 1997 were originally in the data set but were excluded because of incomplete case ascertainment for those years. This resulted in there being slightly fewer than 3 controls per case. Further information on case ascertainment, sampling procedures, and study population characteristics can be obtained elsewhere (6) .
Birth defects data
Information on birth defects was obtained by record linkage to the Western Australian Birth Defects Registry. The Birth Defects Registry was established in 1980 and obtains high-quality, complete, population-based information on birth defects for children born in Western Australia (26) . For the purposes of the Registry, a birth defect is defined as a structural or functional abnormality that is present at conception or occurs before the end of pregnancy and is diagnosed by 6 years of age (26) . Up to 10 birth defects per case are coded according to the British Paediatric Association Classification of Diseases (27) , which was designed to be used in conjunction with the International Classification of Diseases, Ninth Revision (28). Minor defects are included only if they require treatment or are disfiguring.
The birth defects were coded into 11 categories: nervous system defects (codes 74000-74299); congenital anomalies of the eye (codes 74300-74399); congenital anomalies of the ear, face, and neck (codes 74400-74499); cardiovascular defects (codes 74500-74799); respiratory defects (codes 74800-74899); gastrointestinal defects (codes 74900-75199); urogenital defects (codes 75200-75399); musculoskeletal defects (codes 75400-75699); congenital anomalies of the integument (codes 75700-75799); chromosomal defects (codes 75800-75899); and ''all other'' defects (codes 1-73999 and 75900-80000) (27) . The birth defects included under ''all other'' defects were those that did not fit into the categorization based on an organ system. Children with birth defects in more than 1 category were counted in every relevant category. We also categorized birth defects as isolated, multiple, or syndromic. Isolated birth defects were those occurring only in the same anatomic system or only as a consequence of the primary birth defect (e.g., talipes equinovarus in association with spina bifida). Multiple birth defects were unrelated defects occurring in 2 or more anatomic systems. Children with a diagnosed syndrome were included in the syndrome category.
Statistical analysis
Analyses were performed using SPSS, version 12.01 (SPSS, Inc., Chicago, Illinois), and Stata Statistical Software, release 9 (Stata Corporation LP, College Station, Texas). The binary logistic regression model was used to analyze comparisons between cases and controls and case siblings and controls. A generalized estimating equation was used to analyze comparisons between cases and case siblings, using an exchangeable correlation matrix to account for between-sibling correlation. Odds ratios with 95% confidence intervals were calculated for all comparisons.
We addressed the concern about bias in diagnosing birth defects among children with an ASD in 2 ways. Firstly, one of the authors (C. B.) reviewed all birth defects in the study subjects, without knowledge of their case-control status.
Where it was thought possible that the birth defect(s) may only have been ascertained if the child was undergoing detailed medical examination for another reason, the analysis was repeated with these subjects excluded. Secondly, we restricted the analysis to include only birth defects diagnosed in the first year of life, before a diagnosis of ASD was made.
We identified the following potential confounders from the literature and, using information obtained from the Western Australian Maternal and Child Health Research Data Base for cases and controls, adjusted for them in the analysis: year of birth (continuous variable) (18, 29, 30 ); mother's and father's ages at the time of the child's birth (20-34 years (referent), <20 years, or >34 years) (6, 9); mother's place of residence (metropolitan area (referent) or rural area) (30); mother's race (Caucasian (referent), Aboriginal, or other) (20, 29, 30 ); child's sex (male (referent) or female) (4); plurality of birth (single birth (referent), multiple-birth firstborn, multiple-birth secondborn, or multiplebirth thirdborn) (6, 9, 20) ; birth order (first (referent), second, third, or fourth or higher) (5, 20) ; and family size (continuous variable) (5-7). We did not adjust for low Apgar score at 5 minutes, gestational age, or birth weight, which have all been considered as confounders in previous studies (6) (7) (8) (9) 18) . However, because these factors can be a consequence of the exposure (birth defects), they are not confounders, although they may be on the causal pathway to ASD. All potential confounders were included in the final adjusted model for birth defects and ASD overall and for each type of ASD. Because of small numbers in each birth defect category, we adjusted only for year of birth in these analyses.
Ethics approval
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RESULTS
Of the 465 children with an ASD, 314 (67.5%) had a diagnosis of autism, 84 (18.1%) had PDD-NOS, and 67 (14.4%) had Asperger syndrome. Males comprised 84.1% of all children with an ASD, 52.2% of their 481 siblings, and 83.6% of the 1,313 population controls (frequency-matched on sex). The number of cases per year increased over time, as did the number of siblings, while the randomly selected control births were spread out evenly across all years.
Compared with mothers of controls, mothers of case children were less likely to be young (age <19 years) and mothers and fathers of case children were more likely to be older (age 35 years) ( Table 1) . Case mothers were less likely to live in rural areas and less likely to be Aboriginal, and the children with ASD were less likely to be third-or later-born (Table 1) .
Overall, 51 ASD cases (11.0%) had a birth defect as compared with 84 population controls (6.4%) (odds ratio (OR) ¼ 1.8, 95% confidence interval (CI): 1.3, 2.6) ( Table 2 ).
Diagnostic bias was deemed possible upon blind review for 5 cases and 5 controls (3 with late-diagnosed (1 year of age) chromosomal anomalies, 3 with facial dysmorphisms, and 1 each with late-diagnosed deafness, ventricular septal defect, patent ductus arteriosus, and lipoma). Upon exclusion of these subjects, the odds ratio was 1.7 (95% CI: 1.2, 2.5). Restricting the analysis to only birth defects diagnosed in the first year of life resulted in an odds ratio of 1.8 (95% CI: 1.2, 2.6).
Cases with autism and PDD-NOS had similar proportions of birth defects (12.1% and 13.1%, respectively), while 3.0% of cases with Asperger syndrome had a birth defect ( Table 2 ). In comparison with controls, the odds ratio for a birth defect was 2.0 (95% CI: 1.3, 3.0) for autism, 2.2 (95% CI: 1.1, 4.3) for PDD-NOS, and 0.5 (95% CI: 0.1, 1.9) for Asperger syndrome. Adjustment for confounding factors made little difference in any of these associations.
Of the case siblings, 7.7% had a birth defect. Comparing children with ASD with their siblings, the odds ratio for a birth defect was 1.5 (95% CI: 1.0, 2.3) ( Table 3) . Comparing siblings with population controls, the odds ratio for a birth defect was 1.2 (95% CI: 0.8, 1.8) (data not shown). Adjustment for confounders made little difference.
The prevalence of birth defects was higher in most categories for cases with an ASD compared with population controls, except for gastrointestinal defects and congenital anomalies of the integument (Table 4) . Congenital anomalies of the ear, face, and neck were over 11 times more likely in children with an ASD (OR ¼ 11.5, 95% CI: 2.4, 54.2), but results were based on only 10 children with these anomalies. Nervous system defects and urogenital defects were 4.3 (95% CI: 1.2, 15.2) and 1.9 (95% CI: 1.0, 3.4) times more likely to occur in children with an ASD, respectively. Adjustment for year of birth had a minimal effect on the odds ratios, except for an increase for eye defects (results based on only 4 children).
The odds ratio in cases was 1.4 (95% CI: 0.9, 2.2) for isolated birth defects, 11.5 (95% CI: 2.4, 54.2) for multiple birth defects, and 2.0 (95% CI: 0.8, 4.6) for syndromic birth defects ( Table 5 ). The latter 2 analyses were based on small numbers. Adjustment for year of birth altered the odds ratio only for the multiple birth defect category (Table 5) .
There were few individual birth defects that occurred more commonly in the cases. Dysmorphic facies was reported in 7 cases and 2 controls, hypospadias in 7 cases and 5 controls, craniosynostosis in 2 cases and 2 controls, and congenital hearing loss in 2 cases and 1 control. Three case children had trisomy 21 (2 with autism, 1 with PDD-NOS), as did 1 sibling and 4 control children.
DISCUSSION
Our findings show an almost 2-fold increase in birth defects among children with ASD as compared with population controls (OR ¼ 1.8, 95% CI: 1.3, 2.6). This relation was statistically significant and remained so after we adjusted for potentially confounding factors and excluded subjects for whom diagnostic bias may have occurred.
Although our study was limited by the small numbers of subjects in some of the birth defect categories and a lack of information on some potentially confounding variables (e.g., smoking during pregnancy), it had major strengths. It was large and population-based and included all cases of ASD diagnosed in Western Australia using the DSM diagnostic criteria applicable at the time of diagnosis. Birth defects were independently ascertained from the Western Australian Birth Defects Registry, which uses a clear definition of a birth defect and has a high level of case ascertainment (31, 32) . Record linkage of these 2 data sources with each other and with the statutory birth records for Western Australia allowed us to use a nested case-control design with controls randomly selected from all births in Western Australia, eliminating recall bias and ensuring generalizability of the results. The case group showed similarities with other studies in relation to associations with older maternal and paternal age and birth order (5, 7, 33) , and the prevalence of birth defects among the controls was similar to the population prevalence (after accounting for the 85% males in the control sample) (26) .
Many previous studies of the association between ASD and birth defects have been limited by small sample sizes, lack of definition of ASD and/or birth defects, and ascertainment bias (of ASD cases and/or birth defects), and they often had no adjustment for potential confounding (20) . In a paper reporting results from their own study of birth defects and ASD (20) , Weir et al. also summarized findings from 6 other studies (7, 8, 19, 21, 34, 35) , and 2 more studies have been published since then (10, 18) . Six of these 8 studies compared birth defects in ASD cases with either the entire general population (8, 18) or controls selected from the general population (7, 10, 19, 20) , and 5 found a significant increase in birth defects (7, 10, (18) (19) (20) . In those that calculated an effect measure, the odds ratios ranged from 1.6 (7) to 2.4 (10). In another study investigating ASD in children with newborn encephalopathy, Badawi et al. (36) found that cases with both an ASD and newborn encephalopathy were significantly more likely (OR ¼ 11.2, 95% CI: 3.1, 39.8) to have a birth defect diagnosed by the age of 2 years than controls without newborn encephalopathy. Two older studies that investigated the presence of perinatal factors (145 cases and 241 cases, respectively) compared birth defects in ASD children with defects in their nonaffected siblings (21, 35) . One of these studies found a significant crude odds ratio of 2.3 (21) , and the other found no significant difference (35) . In addition, in a study of minor malformations and physical measurements, no differences were found between ASD siblings and normal controls (16) . In our study, we found a 50% increase in the odds of a birth defect when we compared cases with their siblings and a 20% increase for siblings when we compared them with population controls. These findings do not provide convincing evidence of a strong genetic basis for the association of ASD with birth defects generally, but they may support the possibility of similar prenatal environmental factors within families which may act independently or interact with genetics to increase the risk of autism.
We found only 1 published study in which the authors reported on birth defects by type of autism diagnosis (18) ; in that study, autism was coded according to the International Classification of Diseases, Tenth Revision (ICD-10) (37). Guillem et al. found that 10.3% of children with autism (ICD-10 code F84.0) had a morphogenetic anomaly, as did 20% of those with atypical autism (ICD-10 code F84.1) and 9.9% of those with other pervasive developmental disorders (ICD-10 codes F84.3, F84.8, and F84.9)-all much higher than the observed rate (1.5%) quoted by the authors for the general population in the same area during the same period (18). They did not investigate Asperger syndrome. In our study, there was a 2-fold increase in the odds of birth defects for both autism and PDD-NOS but a nonsignificant reduction in the odds for Asperger syndrome (based on only 2 cases with birth defects). Previous research on the same population showed a lower frequency of obstetric complications in the Asperger group than in the autism and PDD-NOS groups (6) . There has been much discussion as to whether Asperger syndrome should be Abbreviations: CI, confidence interval; OR, odds ratio; PDD-NOS, pervasive developmental disorder not otherwise specified.
a Adjusted for year of birth, mother's and father's ages at the time of the child's birth, mother's place of residence at the time of the child's birth, mother's race, child's sex, plurality, birth order, and family size. Abbreviations: CI, confidence interval; OR, odds ratio; PDD-NOS, pervasive developmental disorder not otherwise specified.
a Adjusted for year of birth, mother's and father's ages at the time of the child's birth, mother's place of residence at the time of the child's birth, mother's race, child's sex, plurality, birth order, and family size.
included under the ASD nosology, considering the different clinical presentations of these children, particularly with respect to language and cognitive abilities, and the lack of associated comorbid conditions (38) . While the findings from this data set suggest that Asperger syndrome may have different precursors than other types of ASD, given the small numbers, these results will need to be replicated in larger studies before it can be confidently inferred that Asperger syndrome differs from other types of ASD.
We found an increase in most categories of birth defects among ASD cases as compared with controls and elevated odds for isolated, multiple, and syndromic categories of birth defects (the latter 2 categories being based on small numbers). Wier et al. (20) also found increases in most organ-system anomalies, with findings being significant only for gastrointestinal defects generally and congenital pyloric stenosis in particular, while Hultman et al. (7) found an excess of heart, lip and palate, and urogenital malformations and Lauritsen et al. (19) found increases in heart and musculoskeletal defects. Other investigators have reported associations with defects of the eyes, ears, and facial features (12, 13) , CHARGE association [coloboma of the eye, heart defects, atresia of the nasal choanae, retardation of growth/development, genital and/or urinary abnormalities, and ear abnormalities/deafness], Moebius syndrome, and Goldenhar syndrome (3, 39) . In our study, the odds of defects associated with the eye, ear, face, and neck were increased; there was only 1 case with pyloric stenosis as compared with 6 controls, and there were no cases of CHARGE association, Moebius syndrome, or Goldenhar syndrome among cases or controls. It is possible that the differences across studies with respect to different birth defects associated with ASD could result from differences in the composition of ASD phenotypes included within each study population. Additionally, the associations may then differ according to the diagnostic criteria applied to each ASD subtype, the definition of birth defects used, and the methods of ascertainment of birth defects in cases and controls. The associations between specific birth defects and each ASD diagnosis require further investigation using large population-based studies with sufficient numbers of cases in each ASD diagnostic category to obtain robust results. The association between birth defects and ASD found in this study and in other studies may be due to underlying genetic and/or environmental factors common to both ASD and birth defects, or birth defects may in some way predispose a child to development of an ASD. Given the pattern of association between birth defects and ASD cases and the increased occurrence of birth defects among siblings of ASD cases as compared with the general population, it is possible that prenatal environmental factors are associated with the risk of autism. Further exploration of this association, including the collection of additional clinical data and more detailed information on pregnancy events, may lead to a better understanding of the causal pathways to ASD and ultimately to intervention and prevention.
